Abstract-Modulation of corticostriatal synaptic activity by dopamine is required for normal sensorimotor behaviors. After loss of nigrostriatal dopamine axons in Parkinson's disease, L-3,4-dihydroxyphenlalanine (L-DOPA) and dopamine D2-like receptor agonists are used as replacement therapy, although these drugs also trigger sensitized sensorimotor responses including dyskinesias and impulse control disorders. In mice, we lesioned dopamine projections to the left dorsal striatum and assayed unilateral sensorimotor deficits with the corridor test as well as presynaptic corticostriatal activity with the synaptic vesicle probe, FM1-43. Sham-lesioned mice acquired food equivalently on both sides, while D2 receptor activation filtered the less active corticostriatal terminals, a response that required coincident co-activation of mGlu-R 5 metabotropic glutamate and CB1 endocannabinoid receptors. Lesioned mice did not acquire food from their right, but overused that side following treatment with L-DOPA. Synaptic filtering on the lesioned side was abolished by either L-DOPA or a D2 receptor agonist, but when combined with a CB1 receptor antagonist, L-DOPA or D2 agonists normalized both synaptic filtering and behavior. Thus, high-pass filtering of corticostriatal synapses by the coordinated activation of D2, mGlu-R 5 , and CB1 receptors is required for normal sensorimotor response to environmental cues. Ó
INTRODUCTION
While a variety of neurons die during the course of Parkinson's disease (PD) (Sulzer and Surmeier, 2013) , the sensorimotor deficits associated with the disease are attributed to the death of dopamine (DA) neurons of the substantia nigra (SN) (Fahn and Sulzer, 2004) , as demonstrated by the efficacy of treatment by the DA precursor, L-3,4-dihydroxyphenlalanine (L-DOPA) (Birkmayer and Hornykiewicz, 1961) and by D2-class DA receptor (D2-R) agonists. DA replacement therapies can however trigger excessive behavioral responses to environmental stimuli (Weintraub and Nirenberg, 2013) including dyskinesias (Fahn, 2005) and impulse control disorders (Voon et al., 2011) . These responses increase in incidence and severity during prolonged therapy (Fahn, 2000) , but sensitized responses to DA agonists occur immediately after the first administration of the drug to DA-lesioned animals (Morelli et al., 1989; Cenci et al., 1998; Nadjar et al., 2009) , and dyskinesias can be elicited from the first dose of L-DOPA in patients with inherited defects in DA synthesis (Pons et al., 2013) . It is thus widely suspected that a stage is set for excessive behavioral responses by compensatory changes due to the loss of DA, and that DA agonists then trigger the activation of these undesired behaviors.
In the normal motor striatum, DA participates in a ''synaptic microcircuit'' in which layer V/VI cortical pyramidal neurons, which fire at $10 Hz during phasic activity (Stern et al., 1997; Costa et al., 2006) , and thalamic glutamatergic projections form classical excitatory synapses on the heads of dendritic spines of medium spiny neurons (MSNs). DA is released from nearby substantia nigra pars compacta (SNc) nigrostriatal axonal release sites (Nirenberg et al., 1996) . This ''synaptic microcircuit'' modulates corticostriatal activity of striatonigral direct pathway MSNs that express D1 receptors (D1-Rs) and initiate specific motor signals by pausing tonic activity of substantia nigra reticulata output neurons (''go'' signals) and striatopallidal indirect pathway MSNs that express D2-Rs and are thought to suppress competing motor networks (''no-go'' signals) (Kravitz et al., 2010; Cui et al., 2013) . DA depresses the corticostriatal excitation to D2-R-expressing indirect pathway neurons, and has little or no direct effect on corticostriatal inputs to D1-R direct pathway neurons (Wang et al., 2013) , but rather can exert a postsynaptic response (Yagishita et al., 2014 ) that appears to be due in part to activation of a circuit involving cholinergic receptors (Wang et al., 2013) . D2-Rs on corticostriatal presynaptic terminals (Wang and Pickel, 2002 ) may also inhibit synaptic vesicle fusion (Bamford et al., 2004b (Bamford et al., , 2008 , although ascribing actions clearly to D2-R at particular sites within the striatum has been challenging.
In most studies, the D2-R mediated inhibition of excitatory corticostriatal transmission has been characterized as long-term depression (LTD), a form of long-lasting activity-dependent plasticity implicated in motor learning and adaptive motor responses (Maura et al., 1988; Hsu et al., 1995; Cepeda et al., 2001; Andre et al., 2010; Atwood et al., 2014) . LTD at corticostriatal synapses requires co-activation of D2-Rs and group-1 metabotropic glutamate receptors (mGlu-R 1 ), encompassing mGlu-R 1 and mGlu-R 5 subtypes. In the most widely used LTD protocol, high-frequency-evoked LTD (HFS: 100 Hz) engages convergent activity of D2-R and mGlu-R 1 that depolarize MSN (Yin and Lovinger, 2006; Wang et al., 2012; Plotkin et al., 2013) . However, LTD evoked by a more physiologically relevant stimulus pattern, which has been labeled low-frequency stimulation (LFS: 10 Hz), requires D2-R but not mGluR-1 activation, and occurs in the absence of MSN depolarization (Ronesi and Lovinger, 2005) . Both HFS and LFS LTD protocols require endocannabinoid (eCB) released from D2-R-expressing MSNs to bind presynaptic corticostriatal CB1-Rs that presynaptically inhibit corticostriatal synaptic activity (Pertwee and Wickens, 1991; Cadogan et al., 1997; Glass and Felder, 1997; Giuffrida et al., 1999; Beltramo et al., 2000; Gerdeman and Lovinger, 2001; Gubellini et al., 2002) .
In contrast to the regulation of LTD by DA in normal animals, the means by which DA replacement following DA lesion regulates cortico-basal ganglia circuits and motor response to environmental stimuli are much less understood. The ability to induce corticostriatal LTD at indirect pathway neurons following DA depletion is lost but reinstated by L-DOPA (Thiele et al., 2014) , consistent with a role for DA replacement in inhibiting presynaptic corticostriatal transmission following DA lesion. To specifically examine such presynaptic changes at the corticostriatal synapse, we have adapted optical methods that measure synaptic vesicle fusion: our previous studies using this approach demonstrate that D2-R inhibition is not uniform at corticostriatal synapses, as both DA and D2-R agonists specifically inhibit the less active presynaptic terminals, while the most active terminals evade inhibition and are ''passed'', allowing them to activate basal ganglia motor circuits, a response described as a highpass filter (Bamford et al., 2004b (Bamford et al., , 2008 Wang et al., 2012) .
To determine how D2-R modulation of corticostriatal circuits is altered after DA lesion followed by DA replacement, we lesioned DA input in the left striatum, which provides a means to compare in the same animal presynaptic activity in the lesioned and corresponding intact striatum. Consistent with previous studies (Bamford et al., 2004a) , DA lesion caused a loss of D2-R circuit presynaptic filtering of corticostriatal activity along with a loss of sensorimotor behavior on the corresponding contralateral side. We find that corticostriatal filtering occurs via activation D2Rs and retrograde inhibition at CB1 eCB receptors, which is dependent on mGlu-R 5 metabotropic glutamate receptors. Importantly, L-DOPA administration to hemi-lesioned mice elicited a clear over-compensation of sensorimotor behavior selectively on the previously neglected side, as well as excessive presynaptic inhibition and a consequent loss of normal presynaptic filtering by D2-Rs on the lesioned side. We further discovered that L-DOPA's over-compensation of both lateralized behavior and presynaptic inhibition in lesioned mice was normalized by a CB1-R antagonist.
EXPERIMENTAL PROCEDURES Animals
Experimental procedures were performed in accordance with and approval by the Institutional Animal Care and Use Committee of Columbia University. C57BL/6J mice (n = 185), aged 12-16 weeks, were obtained from Jackson Labs (Bar Harbor, ME, USA). To measure synaptic responses following behavioral tasks, mice were decapitated and 300-lm-thick slices prepared on a vibratome on an angled agar block of 30°( Fig. 2A) , producing a 60°section from horizontal after sectioning and allowed to recover for 1 h before optical analysis at room temperature in oxygenated [95% O 2 , 5% CO 2 ] artificial cerebrospinal fluid (ACSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 0.3 KH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgSO 4 , 0.8 NaH 2 PO 4 , 10 glucose (pH 7.2-7.4, 292-296 mOsm/L).
Drug administration
In some cases, animals were injected with the CB1-R antagonist, AM251 (1 mg/kg; Tocris Bioscience), or with the fatty acid amide hydrolase (FAAH) inhibitor, URB597 (3 mg/kg; Tocris Bioscience Minneapolis MN, USA), to block the breakdown of the striatal cannabinoid, arachidonoyl ethanolamide (AEA) (Mackie and Stella, 2006) , in 5% Tween-80 in saline and sonicated immediately prior to intraperitoneal (i.p.) injection. To provide saturation of the receptor, the level of AM251 administered was 10-fold higher than the reported ED 50 in vivo (Gatley et al., 1996) . Animals not receiving AM251 or URB597 were injected with an equivalent amount of vehicle. Based on the drug's pharmacokinetic properties Patel and Hillard, 2006) , AM251 or URB597 was administered 15 min prior to treatment with L-DOPA methyl ester (5 mg/kg; Sigma-Aldrich) and benserazide (12 mg/kg; Sigma-Aldrich St. Louis MO, USA), to inhibit metabolism in peripheral tissues, in saline with 0.2% ascorbic acid. Mice not receiving L-DOPA received i.p. injection of benserazide in saline (vehicle).
6-OHDA lesion
We used 6-OHDA (Regis Technologies, Morton Grove IL USA) to induce unilateral intrastriatal lesions, and compared intact and lesioned hemispheres in the same animal (Sauer and Oertel, 1994) . All animals were able to eat, drink, and care for themselves (Robinson et al., 2001; Cenci and Lundblad, 2007) . Thirty minutes prior to 6-OHDA, mice received desipramine (15 mg/kg, i.p.; Sigma-Aldrich) to protect noradrenergic terminals. Mice were anesthetized with ketamine (80 mg/kg) and xylazine (7 mg/kg) in saline (0.15-0.20 mL, i.p.) and positioned in a Kopf stereotaxic apparatus. A midline scalp incision was made, a burr hole (AP: +0.9, ML: +2.2 mm from bregma) marked, and a hole drilled with a Dremel tool. 6-OHDA (5 mg/mL) in saline and 0.02% ascorbic acid was infused by a mini-pump. A cannula was inserted into the striatum at AP: +0.9 mm; ML: +2.2 mm; DV: À2.5 mm in relation to dura. 6-OHDA solution was infused at 0.5 lL/min for 6 min (total dose: 15 lg). The cannula was left in place for 5 min to prevent backflow and reduce intracranial pressure before being slowly withdrawn. Sham control mice received the same injections in the absence of 6-OHDA. Mice recovered for 3 weeks before behavioral testing when dopaminergic cell loss and striatal terminal degeneration are maximal (Jeon et al., 1995) .
Behavioral protocol
Forelimb asymmetries were quantified by corridor test (Dowd et al., 2005; Grealish et al., 2010) , with mice placed individually in a corridor (60 cm long, 4 cm wide and 15 cm high) lined on both sides with 10 pairs of pots, each containing three sugar pellets. For 2 days prior to testing, mice were food-restricted (1.5 g/d) and habituated to the corridor apparatus, sugar pellets, and vehicle injections. On the test day, the number of sugar pellets retrieved from the left and right sides were counted over 10 min. The following week, the mice were re-habituated to the apparatus and received saline i.p. for 2 days. Limb preference to vehicle or L-DOPA was scored the following day. L-DOPA was administered as above 30 min prior to behavioral testing.
Imaging corticostriatal activity with FM1-43
Electrical stimulation was by Grass Stimulator (West Warwick, RI, USA) through a stimulation isolator (AMPI, Jerusalem, Israel) and monitored by a Tektronix TDS 3014B digital oscilloscope (Beaverton, OR, USA).
FM1-43 (8 lM) was loaded into and released from corticostriatal terminals by electrical stimulation of layer V-VI in the M1 motor cortex (Fig. 1 ) using 350 lA, 200-ls pulses via a twisted tungsten bipolar electrode at 10 Hz for 10 min (Bamford et al., 2004a,b; Joshi et al., 2009; Wang et al., 2012) .
Following terminal loading, slices were superfused with AD-7 (100 lM) for 20 min to remove adventitious staining. For stimulation-dependent destaining, pulse trains were again delivered to the cortex in the presence of AD-7 (100 lM) (Kay et al., 1999) . A stimulus frequency of 10 Hz was used in all experiments, consistent with physiological firing (Stern et al., 1997) . Stimulationdependent destaining approximated 1st degree kinetics and was characterized by the destaining half-time of release (t 1/2 ), the time required for fluorescent decay to half its original value. To isolate effects of glutamate receptors and inhibit circuit responses, except where noted, we included the AMPA-R antagonist, 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione NBQX (10 lM), the Nmethyl-D-aspartate (NMDA) antagonist, AP-5 (50 lM), and the specific mGlu-R 1 antagonist, CPCCOEt (40 lM) (Niswender and Conn, 2010; Nicoletti et al., 2011) in the ACSF superfusion during loading and unloading protocols. Drugs were applied by superfusion for 10 min prior to imaging: (+/À) quinpirole (D2-R agonist; 0.5 lM), (S)-sulpiride (D2-R antagonist; 10 lM), AM251 (CB1-R antagonist; 2 lM), WIN-55 212-2 (CB1-R agonist; 1 lM), and MPEP (mGlu-R 5 antagonist; 40 lM) were obtained from Tocris Bioscience, Sigma-Aldrich, and AG Scientific San Diego, CA, USA.
Optical data analysis
Fluorescent corticostriatal terminals in the dorsolateral striatum were visualized using a Prairie multiphoton laser-scanning microscope with a titanium-sapphire laser (excitation 900 nm/emission 625 nm) and 40Â water-immersion objective (Olympus, Waltham MA USA). Images were captured in 16-bit, 75.2 Â 75.2 lm ROI at 512 Â 512 pixel resolution at 35-s intervals using Prairie View 4.0.0.50 software. To compensate for z-axis shift, a z-series of five images, separated by 1 lm in the z-axis, was obtained for each imaging period. The time series of images was analyzed for changes in presynaptic terminal fluorescence using Image J (National Institutes of Health, Rockville, MD, USA) (Zakharenko et al., 2001; Bamford et al., 2004b) . Criteria for inclusion were (1) spherical shape, (2) fluorescence two standard deviations (SD) above background, (3) destaining greater than background fluorescence loss in non-stimulated controls. Image J aligned and combined the five image z-series for each time interval and the Multiple Thresholds plug-in (Damon Poburko, Stanford University) identified puncta of 0.5-1.5 lm in diameter.
The intensity of the FM 1-43 fluorescence (excluding identified puncta) was measured over the course of the time series and Image J subtracted background fluorescence. The halftime of fluorescence intensity decay during destaining (t 1/2 ) was determined using SigmaPlot software (SPSS, Chicago, IL, USA). Nearness of fit to first-order kinetics was determined using A = 100 * EXP(ln(0.5) * t/t 1/2 ), an integrated form of the first-order kinetics equation,
Electrophysiology and cyclic voltammetry
Cyclic voltammetry measurements of evoked DA release were as reported (Hernandez et al., 2012) . Whole-cell patch-clamp recordings were performed in slices perfused with normal ACSF (2 mL/min). Pipettes (3-5 MO) were filled with (in mM): 115 K-gluconate, 10 HEPES, 2 MgCl 2 , 20 KCl, 2 MgATP, 1 Na 2 -ATP, 0.3 GTP, pH = 7.3; 280 ± 5 mOsm. Current clamp recording were performed with a Axopatch 200B amplifier (Molecular Devices, Forster City, CA, USA) and digitized at 10 kHz with a Digidata 1440A (Molecular Devices). Data were acquired using Clampex 10.2 software (Molecular Devices). In each cell, input resistance (measured by À100 pA, 100-ms duration hyperpolarizing pulses) and resting membrane potential were monitored throughout the recording.
Western blot analysis
Following optical experiments, dorsal striata were removed from both hemispheres of each slice and sonicated in 75 lL of 1% sodium dodecyl sulfate (SDS).
Protein concentration was determined by the BCA method (Pierce). Fifteen micrograms was loaded in each well of a 15% bis-acrylamide gel and run at 180 V for 1 h or until protein ladder markers (Fisher) were well separated and transferred to a polyvinylidene fluoride (PVDF) membrane at 40 V for 3 h or at 10 V overnight. Membranes were washed in 1Â Tris-buffered saline (TBS)/0.05% Tween-20, blocked in 5% milk and incubated with primary antibodies against the DA transporter (anti-rat DAT; 1:1000), tyrosine hydroxylase (anti-mouse TH; 1:5000), and b-actin (anti-mouse; 1:10,000) (Millipore). Horseradish peroxidase (HRP)-conjugated goat secondary antibodies against mouse (Thermo Scientific, Waltham MA, USA) and rat (Novus, Littleton CO, USA) were used at 1:10,000. Protein was detected by incubating membranes for 5 min with HRP substrate (Millipore, Darmstadt, Germany), and Image J was used to determine the band intensity. Data are reported as average of mean ± SEM of signal intensity of the DA-lesioned hemisphere as percentage of signal intensity of the DA-intact hemisphere.
DiI labeling
To observe corticostriatal axon projections, mice were anesthetized with ketamine/xylazine (80-100 mg/kg/5-10 mg/kg) and perfused with phosphate-buffered saline (PBS) for 4 mL/min for 3 min, followed by perfusion of 2% paraformaldehyde (PFA) for 3 min, post-fixed in 2% PFA for 24-48 h and stored in PBS. The brain was sectioned into 100-lm slices at the same angle as for the acute slice recording preparation, and collected in PBS.
DiI crystals (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate; Molecular Probes, Waltham, MA, USA) were applied to the slices in layer V/VI under a dissecting microscope using a borosilicate glass micropipette (Kim et al., 2007) . Slices were mounted using 4 0 ,6-diamidino-2-phenylindole (DAPI) fluoromount (Southern Biotech, Birmingham, AL, USA). DiI crystals were allowed to diffuse at room temperature. Images were taken 5 days following deposition of DiI crystals using a Leica DM6000 confocal laser scanning microscope with 561 nm DPSS laser with a 20Â oilimmersion lens at 1024 Â 1024 pixel resolution. Serial stack images with 0.5-lm step size were projected to reconstruct images.
Statistical analysis
For optical studies, the t 1/2 value of each punctum was determined for each slice. Data are reported as median ± SEM, with n = number of slices. Each slice produced >15 puncta and three slices were obtained from each mouse. The 'box-and-whisker' indicate the distribution of median t 1/2 values from each slice preparation, with the median of the median values indicated with a cross hatch, the ends of the box indicating the 25th and 75th percentiles, and the whiskers indicate the 10th and 90th percentiles.
Population distributions were compared using the non-parametric Mann-Whitney test and all data from each punctum within each experimental group are displayed in normal probability plots where the t 1/2 of every punctum (y-axis) is plotted against the SD from the median t 1/2 (x-axis). As these distributions are often non-normal as determined by the Kolmogorov-Smirnov normality test, the distributions are analyzed in separate terciles: faster destaining terminals (more than one SD below the median), intermediate-destaining terminals (less than one SD below and above the median), and slower destaining terminals (more than one SD above the median). Faster-destaining terminals have a high probability of release and were considered ''more active'', while slower destaining terminals were ''less active''. As multiple comparisons between groups require correction for increased risk of type I error, a Bonferroni adjustment to p-values was performed: comparisons between median values are made within each tercile/subgroup. In normal probability plots, we compare 3-4 groups within each tercile, and so the Bonferroni adjusted significance level is determined as 1 À (1 À a) 1/n , which is approximated by a/n, requiring a p < 0.005 or p < 0.004 the number of independent statistical tests (n) was 1 + (3 * 3) = 10 or 1 + (3 * 4) = 13, respectively.
For behavioral studies, limb asymmetry is displayed as percentage of sugar pellet retrievals from the left in relation to the total retrievals from both sides. Sham or 6-OHDA-injected mice were compared before and after in vivo treatments (vehicle, L-DOPA, URB597 + L-DOPA, or AM251 + L-DOPA) using the MannWhitney test. A Bonferroni adjustment to p-values was performed: we compare limb asymmetry from 3 to 4 groups so the number of independent statistical tests required p < 0.005 or p < 0.004, respectively.
RESULTS
Treatment with L-DOPA and cannabinoid blockade produced normal behavior
To examine sensorimotor behavior in a mouse model for PD, we used the corridor test, in which mice acquire sugar pellets placed in wells on the left and right sides: this test has to date provided the most accurate motor trial for correlation of motor behavior with unilateral DA lesion (Grealish et al., 2010) . Sham-lesioned mice showed equivalent pellet retrieval on both sides (left: 52 ± 1%; n = 20; Fig. 1A ), but 6-OHDA-lesioned mice showed a very strong preference for food retrieval ipsilateral to the lesion (left: 95 ± 9%; n = 68 mice, p < 0.0001, MannWhitney test; Fig. 1B ), a level of side preference reported to correspond to >80% loss of SNc neurons (Grealish et al., 2010) .
One week following these initial behavioral tests, we repeated the corridor following in vivo administration of L-DOPA (5 mg/kg, i.p., 30 min prior to behavioral trials). Both L-DOPA and sham-lesioned mice received benserazide (12 mg/kg), an inhibitor of peripheral DOPA decarboxylase clinically administered to increase CNS L-DOPA; in rats, 10 mg/kg benserazide does not significantly alter endogenous DA levels (Jonkers et al., 2001; Shen et al., 2003) . CB1-Rs have been previously shown to filter corticostriatal activity (Yin and Lovinger, 2006; Wang et al., 2012) , and so 15-min prior to L-DOPA, subsets of the mice were administered the CB1-R antagonist, AM251 (1 mg/kg), or the FAAH inhibitor URB597 (3 mg/kg), which blocks eCB catabolism and elevates extrasynaptic eCBs .
As expected, sham-lesioned mice (Fig. 1A ) injected with vehicle (left: 52 ± 2%, n = 4) or with L-DOPA (5 mg/ kg, i.p., 30 min prior to behavioral assays) (left: 51 ± 1%, n = 6) showed equivalent pellet retrieval on both sides (Fig. 1A) . In marked contrast, L-DOPA in DA-lesioned mice (Fig. 1B) caused a behavioral over-compensation so that pellet retrievals were now much higher on the previously neglected right side (left: 33 ± 3%, n = 41, p < 0.001, Mann-Whitney). DA-lesioned mice treated with URB597 prior to L-DOPA, maintained this right retrieval preference (left: 34 ± 6%; n = 8 mice; p < 0.0001, Mann-Whitney). Blockade of CB1-Rs by AM251 prior to L-DOPA, however, normalized the frequency of left and right retrievals in DA-lesioned mice (left: 57 ± 3%; n = 10 mice; p < 0.0005 compared to L-DOPA alone, Mann-Whitney). This finding indicates that L-DOPA administered to mice with unilateral DA lesion drove an overuse of the previously neglected side that was dependent on CB1-R transmission. We thus hypothesized that the combination of L-DOPA and AM251 in vivo could recover normal presynaptic filtering following DA lesion.
Acute corticostriatal slice preparation
To address this hypothesis, we used the endocytic probe, FM1-43, to measure presynaptic activity at corticostriatal synapses, an approach that provides a means to measure retrograde presynaptic modulation while blocking postsynaptic AMPA, NMDA, and metabotropic glutamate receptors. We prepared 300-lm-thick acute slices 30°from the coronal plane ( Fig. 2A) , i.e., 60°f rom the horizontal plane, to favor preservation of axons in the M1 motor cortex to the motor striatum which course in a rostral-ventral direction (Wilson, 1987; Cowan and Wilson, 1994; Smeal et al., 2007) . While many corticostriatal axons were severed in this preparation, DiI label deposited in the layer V/VI motor cortex demonstrated that intact axonal projections to the motor striatum were preserved even in the substantially thinner 100-lm-thick sections, which were used to provide better DiI signal (Fig. 2B) .
We confirmed that there were functionally intact corticostriatal synaptic connections in the 300-lm slices by stimulating the layer V/VI motor cortex and recording from MSNs in whole-cell current-clamp mode. Cortically evoked EPSPs consistently arrived at the same short delay following a single-pulse stimulus, consistent with a monosynaptic connection, and were abolished completely by NMDA and AMPA blockers (Fig. 2C ), or by a knife cut made at the corpus callosum to sever corticostriatal fibers (not shown). We conducted further tests to determine if there was current spread from the stimulus electrode in the cortex to the motor striatum in this preparation. In the presence of NMDA and AMPA blockers, the LFS used for presynaptic loading of FM1-43 (10 Hz for 10 min) produced no depolarization of the MSN resting potential (prior to train stimulation À82.4 ± 1.1 mV prior to train stimulation; À83.5 ± 1.4 mV after train stimulation, n = 10 neurons recorded in 10 different slices), indicating that there was no current spread from the stimulus electrode to MSNs. As previously described (Partridge et al., 2002; Bamford et al., 2004b) , we also detected no evoked DA release in response to the loading stimulus in the cortex using cyclic voltammetry (not shown): this is in contrast to stimulus of the corpus callosum, where we have detected evoked DA release.
In conclusion, the cortical LFS stimulus protocol stimulates corticostriatal presynaptic terminals of intact axons, but does not produce current spread that evokes either depolarization of MSNs or DA release.
Striatal DA lesions
To test the effects of DA depletion on behavior and synaptic selection, we unilaterally injected left striata with the DA neurotoxin, 6-OHDA, which destroys SN neurons that innervate that region (Ungerstedt, 1968) , and injected the right striata with vehicle (shaminjections). We compared DAT and TH expressions between injected and intact striata in sham and 6-OHDA-injected mice by western blot analysis of the dorsal striatum (Fig. 2D) on the same slices following FM1-43 by 10-Hz stimuli in the cortical layer V/VI. Following loading, a knife cut was made below the corpus callosum to destroy intact cortical axons that project to the dorsal striatum. Subsequent cortical layer V stimulation caused negligible FM1-43 destaining. Minor destaining was similar to that in unstimulated intact preparations, consistent with spontaneous release of FM1-43 from terminals or uncompensated bleaching (Wang, 2012) . Local striatal stimulation was required to unload FM1-43 from labeled corticostriatal terminals (right: striatal stimulation). (H) Averaged timeintensity analysis of fluorescent puncta shown in panel F. Stimulation of the motor cortex at 10 Hz (black) produced FM1-43 destaining that followed first-order exponential kinetics. Minimal FM1-43 destaining occurred when no stimuli (white) were applied. the FM1-43 optical experiments described below. Immunoreactivity was not altered in sham control mice following injection of vehicle, but both DAT and TH were markedly reduced in the lesioned hemisphere of 6-OHDA-injected mice, with DAT levels reduced by 96 ± 4% and TH by 82 ± 4% (mean ± SEM, n = 39 paired slices). Immunofluorescence with anti-DAT antibodies revealed the specific localization of 6-OHDA-induced loss of DA to the injected dorsal striatum (Fig. 2E) .
Optical measurement of corticostriatal presynaptic activity
We measured exocytic activity at individual presynaptic terminals in the motor striatum using the endocytic probe FM1-43 (Bamford et al., 2004b; Wong et al., 2011) in the presence of AMPA, NMDA, and mGlu-R 1 receptor inhibitors to block postsynaptic response and polysynaptic circuits within the striatum. Stimulation of layers V/VI of the M1 motor cortex in the presence of FM1-43 resulted in endocytosis of the probe into synaptic vesicles within axonal boutons (diameter = 0.5-1.5 lm)
imaged by multi-photon laser scanning microscopy (Bamford et al., 2004b; Wang et al., 2012) . Following quenching of background fluorescence by ADVASEP-7 (Kay et al., 1999) , re-stimulation of the cortex revealed FM 1-43 exocytosis of recycling synaptic vesicles from presynaptic sites (Fig. 2F) . To confirm that the loading of FM1-43 corticostriatal presynaptic sites was due to local stimulation of axons and somatodendritic regions in the cortex rather than current spread from the electrode (Tehovnik et al., 2006) , we measured striatal FM1-43 destaining with a knife cut between the cortex and striatum at the corpus callosum: FM1-43 did not destain under these conditions (10 Hz for 10 min). As expected, local stimulation of the striatum proximal to the knife cut produced destaining (Fig. 2G) .
The stimulus-dependent reduction in fluorescence intensity of the puncta due to release of FM1-43 into the extracellular space followed first-order kinetics characteristic of synaptic vesicle fusion (Fig. 2H ) (Bamford et al., 2004b; Ahmed and Siegelbaum, 2009 ). Presynaptic corticostriatal activity was characterized by the half-time (t 1/2 ) required for terminal fluorescence to destain to half its initial value. Destaining of terminal in control slices stimulated at 10 Hz (t 1/2 = 267 ± 16 s; n = 20 slices) was similar to previously reported values (Bamford et al., 2004b) .
D2-Rs exert a sensitization of corticostriatal inhibition in 6-OHDA mice
Lesion of DA in animal models has long been known to drive a ''supersensitive'' response to the activation of DA receptors (Feltz and De Champlain, 1972; Schultz and Ungerstedt, 1978) , including an increased D2-R inhibition of MSN activity in 6-OHDA-lesioned rats that is independent of D1-Rs (Hu et al., 1990) . Mice treated with reserpine or targeted deletion of the Th gene in DA neurons (Zhou and Palmiter, 1995; Bamford et al., 2004b) show sensitized corticostriatal presynaptic inhibition by D2-Rs (Bamford et al., 2004a) . The effect of D2-R activation on corticostriatal synaptic vesicle exocytosis, however, has not been examined following DA lesion. We compared FM1-43 destaining in the DA-lesioned and intact hemispheres (Fig. 3A-D) at a range of exposures to the D2-R agonist, quinpirole. Corticostriatal release in DA-lesioned striata was more responsive to 0.5 lM quinpirole than the intact hemisphere (Fig. 3E) , consistent with the prior findings of a sensitized D2-R response to the agonist (Bamford et al., 2004b) , while inhibition was saturated at 1.0 lM quinpirole: we therefore used 0.5 lM quinpirole for experimental protocols.
To investigate the role of CB1-R in D2-R responses, we compared the effects of CB1-R ligands in DAlesioned and DA-intact hemispheres. The CB1-R agonist, WIN55 212-2 (1 lM), equivalently depressed corticostriatal release in both intact (t 1/2 = 365 ± 11 s; p < 0.001) and lesioned hemispheres (t 1/2 = 385 ± 16 s; p < 0.001). No significant effect was exerted by the CB1-R antagonist, AM251, at levels that would saturate CB-1R receptors (Gatley et al., 1997) , (2 lM; DA intact: t 1/2 = 294 ± 9 s; DA lesion: t 1/2 = 299 ± 12 s), confirming a lack of CB1-R inhibition evoked by corticostriatal stimulation in the absence of D2-R activation (Wang et al., 2012) .
To assess whether activation of CB1-Rs is required for presynaptic modulation by D2-Rs, we examined the combinatorial response of AM251 and quinpirole (0.5 lM). For the intact striata (Fig. 3B, D) , quinpirole lost its ability to inhibit release in the presence of the CB1-R antagonist. On the lesioned side that exhibits a sensitized response to quinpirole (Fig. 3E) , there was significant block of quinpirole's inhibition by AM251 (Fig. 3D ), indicating that a large portion of quinpirole's inhibition of corticostriatal activity is mediated by activation of CB1-R. These data are consistent with the hypothesis that activation of presynaptic CB1-R receptors is driven by D2-R stimulation (Gerdeman and Lovinger, 2001; Wang et al., 2012) .
We conducted the experiments on eCB/D2-R presynaptic inhibition in the presence of ionotropic glutamate receptor blockers (NBQX (10 lM), AP-5 (50 lM)) and the specific mGluR 1 -negative allosteric modulator, CPCCOEt (40 lM) (Niswender and Conn, 2010; Nicoletti et al., 2011) , which does not block mGlu-R 5 receptors. As presynaptic filtering occurred in the presence of these antagonists, we examined whether presynaptic inhibition by the CB1-R required mGlu-R 5 receptors (Chen et al., 2011) , which are highly expressed in MSNs (Nicoletti et al., 2011) . We found that inhibition by quinpirole was blocked by the selective mGlu-R 5 antagonist (Nicoletti et al., 2011) , MPEP (40 lM; 307 ± 14 s) (Fig. 3D) . Thus, the effect of quinpirole on corticostriatal presynaptic inhibition in lesioned striata requires a combination of mGlu-R 5 and D2-R activation, and when this is triggered by LFS of 10 Hz, it leads to activation of CB1 receptors that cause presynaptic inhibition. This response contrasts with quinpirole's effects on corticoaccumbens synapses, which were blocked by either mGlu-R 1 or mGlu-R 5 antagonists (Wang et al., 2012) : the reason for the additional role for mGlu-R 1 in the corticoaccumbens synapse is unknown, but D1-R can elicit presynaptic inhibition at those synapses, while in the dorsal striatum, presynaptic D1-R effects have only been observed following altered cholinergic signaling following in vivo exposure to psychostimulants (Bamford et al., 2008; Wang et al., 2012) .
D2 and CB1 receptors selectively inhibit subsets of corticostriatal terminals
An important feature of the optical methods in these experimental designs is that they detect differences in presynaptic activity between individual synapses. The distribution of kinetics of individual corticostriatal terminals is represented in normal probability plots, in which the t 1/2 of each punctum is plotted against its deviation from the median t 1/2 value and normal distribution produces a straight line (Van der Kloot, 1991; Sulzer and Pothos, 2000) .
In the DA-intact hemisphere, the D2-R agonist quinpirole exerted a ''high-pass filter'' by inhibiting intermediate-and slow-destaining terminals, while the fast-destaining (most active) terminals were unaffected (Fig. 4A-D) , consistent with previous findings (Bamford et al., 2004a,b) . In contrast, in the DA-lesioned hemisphere, quinpirole inhibited release from all terminals (Fig. 4E-H) . Thus, similar to the D2-R sensitization in reserpine-treated and DA-deficient mice (Bamford et al., 2004b) , DA lesion abolishes normal D2-R corticostriatal filtering.
The CB1-R antagonist, AM251, which had no effect on its own (Fig. 3B, D) , partially occluded quinpirole's inhibition in intact striata, as seen in the intermediate and slower terminals: consistent with a lack of effect by D2-R on faster terminals, there was no occlusion by AM251 (Fig. 4A-D) . In contrast, in lesioned hemispheres while AM251 continued to partially block some inhibition by D2-Rs (Fig. 4E-H) , it also effectively blocked D2-R-mediated inhibition of the faster terminals that was particular to the lesioned side. Thus, a portion of quinpirole's effects are due to CB1-R in both intact and DA-lesioned hemispheres, and the combination of quinpirole and AM251 allowed the more active terminals to ''pass'', restoring the normal high-pass characteristics of D2-R activation in intact striata to the lesioned side.
L-DOPA effects on corticostriatal presynaptic activity
To confirm if the behavioral overcompensation following L-DOPA was consistent with D2-R sensitization and loss of normal presynaptic filtering, some mice were immediately sacrificed for optical recordings following the corridor test. As expected, L-DOPA in vivo exerted no effect on presynaptic release in sham-lesioned mice or on the intact side of DA-lesioned mice (not shown). On the depleted side, L-DOPA administered in vivo decreased stimulus-dependent release from corticostriatal terminals (t 1/2 = 349 ± 7 s; p < 0.001, Mann-Whitney test), and sensitized the presynaptic (0.5 lM: dose response shown below) decreased release (i.e., increased t 1/2 values), while the CB1-R antagonist, AM251 (AM) alone had no effect, but blocked the inhibition by quinpirole. The D2-R antagonist, sulpiride (Sul) had no effect. The CB1-R agonist, WIN55 212-2 (WIN) inhibited corticostriatal activity (n = 20 (Ctrl); 9 (Quin); 5 (Sul); 4 (WIN); 6 (AM); 7 (Quin + AM) ⁄ p < 0.05, ⁄⁄ p < 0.005, two-way ANOVA; inhibition by quinpirole (0.5 lM) (Fig. 3E, red squares) , indicating that L-DOPA in vivo effectively activated D2-R.
Consistent with the sensitized D2-R behavioral response on the lesioned side, quinpirole inhibited corticostriatal release more on the lesioned side than the intact side (Fig. 5 , t 1/2 = 360 ± 14 s: compare dark and light gray). In lesioned striata, L-DOPA in vivo partially occluded quinpirole inhibition (Fig. 5 , compare red and dark gray), indicating that the response to systemic L-DOPA was long-lasting and persisted in the slice preparation. Administration of L-DOPA in vivo did not reinstate normal quinpirole-induced D2-R high-pass filtering in the lesioned striata (Fig. 5 : compare red points and light gray). However, animals treated with the combination of AM251 and L-DOPA in vivo (t 1/2 = 343 ± 15 s) displayed a complete restoration of normal D2-R high-pass filtering on the lesioned side ( Fig. 5 ; compare orange and light gray), in which the fastdestaining terminals were no longer inhibited by D2-R activation (Fig. 5B) .
We examined a possible role for increased eCB levels in corticostriatal plasticity following 6-OHDA by treating mice with either L-DOPA alone or with a combination of URB597 and L-DOPA. URB597 had no effect following L-DOPA in vivo or quinpirole in vitro (t 1/2 = 371 ± 10 s; Fig. 6 ; compare purple and red). Thus, while eCB transmission was required for normal D2-R presynaptic filtering, the heightened response to L-DOPA following DA lesion was due to sensitized responses by D2-R and CB1-R rather that altered eCB degradation, and additional eCB availability did not further exacerbate the response to L-DOPA.
DISCUSSION
A central goal in neuroscience has been to reveal relationships between synaptic plasticity and behavior. Recent work, for example, indicates that LTD can mediate fear-conditioned learning (Nabavi et al., 2014) . To elucidate the relationship between sensorimotor behavior and synaptic plasticity, we examined filtering of corticostriatal presynaptic activity by DA in normal mice and in a classical model of parkinsonism. Lesion of striatal DA in PD results in a loss of ability to engage in appropriate motor response to environmental cues. While substitution of DA by L-DOPA or D2-R agonists provides effective therapy, they also trigger undesired excessive behaviors in patients (Weintraub and Nirenberg, 2013) . Here, we find parallel phenomena in DA hemi-lesioned mice, in that L-DOPA elicited an overactive sensorimotor response on the side corresponding to the DA lesion: differences between the two sides would in principle identify DA-regulated corticostriatal synaptic properties that mediate DA-dependent behavioral responses to environmental stimuli.
Our results indicate that normal sensorimotor behavior relies on D2-R high-pass presynaptic filtering that in turn requires mGlu-R 5 and CB1-R signaling. Consistent with previous studies in mice with intact or sham-lesioned striata, D2-R activation attenuated the excitatory drive in the majority of cortical inputs, but the most active cortical inputs were ''passed'' (Bamford et al., 2004b) . We found that when corticostriatal filtering is normal, the presence of food as a sensory stimulus elicited equivalent acquisition on both sides. When DA was lesioned in the left striata, the D2-R inhibition of cortical inputs was absent, and as expected, mice neglected food presented on the corresponding right side. Consistent with a sensitized D2-R response following chronic DA depletion, unilaterally lesioned mice exhibited a sensitized presynaptic D2-R response on the lesioned left striata, so that DA reinstatement by L-DOPA elicited a preference for the previously neglected side. Similar to D2-R presynaptic filtering in prefrontal cortical terminals that synapse in the nucleus accumbens (Wang et al., 2012) , in the intact striatum, D2-R-mediated high-pass filtering of corticostriatal presynaptic terminals was blocked by CB1-R antagonists. Presynaptic inhibition by DA was sensitized and filtering was lost in the DA-lesioned striatum. However, when lesioned mice were administered L-DOPA with a CB1-R antagonist, normal corticostriatal filtering by D2-Rs was reinstated, and food retrieval again became symmetrical as in control or sham-lesioned mice.
To our knowledge, a behavioral consequence of corticostriatal synaptic plasticity has not previously been identified. Our data suggest that normal behavioral responses to environmental stimuli requires DAmediated high-pass filtering of corticostriatal signaling that allows transmission of circuits driven by the most active cortical inputs. Conversely, excessive behavioral responses to environmental stimuli following DA depletion are due to excessive inhibitory responses driven by D2-R. This high-pass filtering of cortical inputs may explain at least in part how DA blocks synchronous activity of striatal neurons that otherwise occurs in PD models (Costa et al., 2006) . We note, however, that while DA replacement and D2-R drive the sensitized responses, this apparently requires additional synaptic alterations that are established in sensorimotor circuitry in compensation to DA depletion, and that there are multiple candidates for such alterations, particularly via changes in D1-R signaling (Heiman et al., 2014) . Indicates that the population is also displayed in Fig. 4 and is redisplayed here for purposes of comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Lovinger, 2006) is that it requires a coincidence of DA release and cortical activity driven at 10 Hz, while no filtering occurs if the cortical activity is driven at 1 Hz. The reason for this dependence on the stimulus frequency has not been clear. Surprisingly, we now find that D2-R-mediated presynaptic filtering occurred in the presence of NMDA, AMPA, and mGlu-R 1 antagonists. Rather, D2-R filtering required activation of mGlu-R 5 receptors, which are mostly found extrasynaptically on MSNs (Paquet and Smith, 2003) . As D2-Rs are also extrasynaptic receptors (Yung et al., 1995) , both mGlu-R 5 and D2-R on MSNs, as well as any D2-Rs found presynaptically on corticostriatal synapses (Wang and Pickel, 2002) , would be activated by extrasynaptic transmission. While glutamate release from cortical axon terminals occurs at classical synapses, glutamate ''spillover'' occurs in the striatum when the cortex is driven at 10 Hz, as such LFS of the motor cortex, or glutamate uptake blockers, decreases DA release by activating mGlu-R 1 receptors on DA axons (Zhang and Sulzer, 2003) . Our results suggest that DA affects corticostriatal presynaptic activity when corticostriatal synapses are highly active while coincident phasic DA neuron firing, which occurs with unexpected reward (Mirenowicz and Schultz, 1996) , acts to drive extrasynaptic overflow by saturating the DA uptake transporter (Schmitz et al., 2003; Sulzer et al., 2010) . Importantly, this plasticity occurs at cortical activity firing rates ($10 Hz) that occur during voluntary motor behavior (Costa et al., 2006) and also drive glutamate overflow (Zhang and Sulzer, 2003) .
We find that the role for CB1-Rs in corticostriatal presynaptic inhibition is downstream from activation of mGlu-R 5 and D2-R, as CB1-R antagonists block D2-R effects, while CB1-R agonists inhibit this activity without D2-R activation. In addition to any direct effects of DA on cortical terminal presynaptic D2-R, activation of D2-Rs on striatopallidal MSNs rapidly increases striatal eCB release, which inhibits corticostriatal synapses (Brown et al., 1990; Herkenham et al., 1991; Giuffrida et al., 1999; Beltramo et al., 2000; Gerdeman and Lovinger, 2001; Meschler and Howlett, 2001; Gubellini et al., 2002; Ferrer et al., 2003; Wang et al., 2012) . Our results are consistent with evidence that activation of D2-R-expressing MSNs and mGlu-Rs elicit eCB release that acts as a retrograde messenger to produce LTD at corticostriatal synapses (Adermark et al., 2009; Plotkin et al., 2013) . Most studies, in contrast, have used high-frequency stimuli (generally 100 Hz) to induce a form of LTD that requires depolarization of MSNs by ionotropic glutamate receptors to open L-type calcium channels. The presynaptic filtering we report with 10-Hz stimuli is strikingly similar to corticostriatal LTD evoked by 10-Hz stimuli, which requires eCB transmission but not postsynaptic depolarization, NMDA, AMPA, or mGlu-R 1 activation (Ronesi and Lovinger, 2005) . It is possible that corticostriatal LTD is related to the inhibition of low-probability release (''slow'') terminals by D2-R, mGlu-R 5 , and CB1-R, a feature that acts as a high-pass filter revealed by our optical methods.
As mGlu-R 5 and D2-R are receptors that are located extrasynaptically, and as high corticostriatal activity can lead to spillover of glutamate that can activate extrasynaptic metabotropic glutamate receptors (Zhang and Sulzer, 2003) , we propose that when glutamate and DA both engage in extrasynaptic or ''social'' neurotransmission, the combination allows transmission from the most active corticostriatal terminals while simultaneously inhibiting the less active synapses. This requirement for combinatorial synaptic activity could provide a ''coincidence detector'' sensorimotor learning mechanism, as synaptic selection would only occur during convergent extrasynaptic transmission of DA activated by environmental stimuli and extrasynaptic activation of mGlu-R 5 during physiologically relevant levels of cortical activity. The means by which active terminals evade inhibition remains unknown, but a possibility is that that high calcium or cAMP levels may override eCB signaling. The sensitized D2-Rs and behavioral responses following DA lesion also suggest a mechanism whereby L-DOPA or D2-R agonists may trigger dyskinesias, impulse control disorders, or DA dysregulation syndrome in PD patients (Voon et al., 2011) . If so, adjunctive therapies that modulate CB1-R or mGlu-R 5 may be clinically beneficial.
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